Although the mouse bone marrow stromal cell line ST2 has been known to be differentiated into osteoblasts, the differentiation characteristics of the cell into adipocyte and the concerned relationship between its adipogenesis and osteogenesis remains unknown. The adipogenic induction medium which is made up of insulin, dexamethasone (DEX) and 3-isobutyl-1-methylxanthine (IBMX), stimulated the expression of n early adipogenic marker PPAR γ and a late marker GPDH in ST2 cells. The triglyceride accumulation and lipid stain level generated by the induction medium in ST2 cells was inhibited by RA with IC 50 at about 1 nM. The induction medium up-regulated expression of PPAR γ and GPDH was also inhibited by RA whereas RA (30 nM) exterted no effect on the cell growth. Interestingly, treatment of the cells with induction medium in the presense of RA caused a 3-or 10-fold higher in ALP activity respectively as compared to those treated with RA or the induction medium alone. RT-PCR analysis showed that such a synergistic effect of RA and the induction medium paralleled the process of inhibition on adipogenesis. Additional experiments showed that IBMX played a key role in increasing the effect of RA and ALP activity. Our results suggested that the relationship between adipogenesis and osteogenesis in ST2 cells was reciprocally interrelated and the process of adipogenesis could be potentially reversed into an osteoblastogenic tendency. This is the first report demonstrating that RA transforms adipogenic potential into an osteoblastic tendency.
Introduction
Some bone marrow stromal precursor cells are capable of differentiating into either an osteoblast or an adipocyte. An inbalance between the plasticity of adipogenesis and osteoblastogenesis of these bipotential precursor cells results in an increase of adipocytes which occurs at the expense of osteoblast. This was postulated as one of the mechanisms to explain why morphological increase of bone marrow adipose tissue in conjunction with a decrease of bone volume in patients with osteoporosis. Several studies have been conducted to elicit the reciprocal linkage and capabilities of both osteogenic and adipogenic differentiation by utilizing such bipotential types of bone marrowderived stromal cells (Grigoriadis et al., 1988; Bennet et al., 1991; Beresford et al., 1992; Jilka et al., 1996; Rickard et al., 1996; Diascro et al., 1988) ; Thomas et al., 1999; Park et al., 1999) .
ST2 cell line, a clone of stromal cells, was isol-ated from the bone marrow of BC8 mice and was referred to as predadipocyte (Ogawa et al., 1988) . It was reorted that ST2 cells were able to differentiate into osteoblast-like cells (Yamaguchi et al., 1996; Natsume et al., 1997) or show characteristics typical of osteoblast (Otsuka et al., 1999) by induction with bone morphogenetic proteins (BMPs) or ascorbic acid respectively. However, though a preadipocyte, little evidence was obtained on the development of ST2 cell line from preadipocyte to adipocyte. Our study indicated that treatment of ST2 cells with the classical adipogenic induction medium in which insulin, dexamethasone (Dex) and 3-isobutyl-1-methulxanthine (IBMX) were combined in the form of a cocktail, was sufficient for the differentiation of ST2 into the adipocyte exhibiting the characteristic feature of the adipose phenotype. All-trans retinoic acid (RA), a structural derivative of Vitamin A, is known to be an effective inhibitor of adipocyte differentiation (Stone et al., 1990; Kamei et al., 1994; Xue et al., 1996; Hida et al., 1998) . Whereas RA also is a potent inducer of osteogenic enzyeme alkaline phosphatase (ALP) which acts solely (Ng et al., 1988; Zhou et al., 1991 Zhou et al., , 1994 Heath et al., 1992) or concertedly with other growth factors e.g. TNF-α, TGF-β, IGF-I, bFGF, PTH, and PGE 2 (Ng et al., 1989; Benayahu et al., 1994; Manji et al., 1995; Freyria et al., 1999) in regulating the expression of ALP in a variety of models of cells isolated from bone especially the undifferentiated mesenchymal cell line. To investigate the concerned relationship between its adipogenesis and osteogenesis in ST2 cells, we examined the tendency of differentiation of ST2 cells into adipocytic and osteoblastic cells by employing the adipogenic induction medium and retinoic acid. We report here that the induction medium-stimulated adipocyte differentiation of ST2 cells was inhibited by RA which occurred simulateously with an induction on the ALP activity under the adipogenic condition.
Materials and methods

Materials
All chemicals unless otherwise indicated were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.) or Wako Pure Chemical Industries, Ltd. (Osaka, Japan). RPMI 1640 medium was purchased from Life technologies (Grand Island, NY, U.S.A.) and Fetal Bovine Serum was obtained from JRH Biosciences (Lenexa, U.S.A.). All culture dish and assay plate were purchased from Corning Inc. (Corning, NY, U.S.A.)
Cell culture and differentiation ST2 cells were obtained from the RIKEN Cell Bank (Tsukuba, Japan). Cells were maintained in the medium termed 'standard medium' of which RPMI 1640 mdium was supplemented with 10% fetal bovine serum, 50 µM β-mercaptoethanol, 40 µg ml −1 kanamycin, and 8 µg ml −1 tylosin tartrate. Cells were passaged every 2 or 3 days after reaching 70% confluence. Passages 4 through 14 were used in all experiments. Confluent cells which were about 24 hr after the cells' passage and replated at a density of 1 × 10 4 cm −2 were induced to differentiate by 3 days' incubation with the 'induction medium; which contained 10 µg ml −1 insulin 0.25 µM Dexamethasone (Dex), 0.5 mM 3-isobutyl-1-methy;xanthine (IBMX) in the standard medium. After this '3-day-incubation' in the induction medium, the medium was replaced with the standard medium and the cells were maintained in the standard medium for another 3-day period. More than 30% of the cells acquired the adipocyte morphology on the 6th day after exposure of the cells to the adipogenic induction medium. To study the effects of all trans-retinoic acid (RA) on the induction of differentiation, retinoic acid in different concentrations was added along with the induction medium or various combinations of the components which consisted of the induction medium. When the induction medium was replaced by standard medium after the first 3 days' incubation, no further retinoic acid was added.
Cell counting
Cells were replated in a 96-well-plate treated with either RA or the induction medium alone or both. On the 6th day after inoculation, the cells were trypsinized and the total number of the cells was determined by counting after appropriate dilutions on a haemocytometer grid. Adipocyte formation were quantified by counting the lipid droplet contained cells in 30 contiguous observed fields per well under the light microscope of original magnification × 10.
Assay of triglycerid (TG) content
Cells were seeded in a 24-well-plate in the standard medium and were treated with the induction medium alone or combining with various concentrations of retinoic acid. On the 6th day after induction, the cells were washed with PBS(-) twice and fixed by methanol and then dried. The triglyceride content in the monolayer cells was determined by using colorimetric Triglyceride E-Test Wako Kit (Wako Pure Chemical Industries, Ltd. Osaka, Japan) in accordance with the manual provided by the manufactures. The protein content was determined with protein assay reagent (Bio-Rad Lab., Tokyo, Japan). The results are expressed as micrograms of TG per milligram of protein per well.
Oil Red O staining
To measure the extent of adipocyte differentiation, the cells were subcultured in a 6-well-plate in the induction medium with or without 30 nM. RA. Cells were stained with Oil Red O according to Kasturi and Joshi (1982) . For histochemistry photograph, the stained cells counterstained with hematoxylin (Chayen et al., 1991) .
Preparation of nuclear extracts
Nuclear proteins were extracted from the cells subcultured in 50 mm dish. Cells were scraped off and washed twice with (PBS(-) and then solubilized in 100 µl buffer A (1% Triton·X, 1.5 mM MgCL, 10 mM KCL, 0.5 mM DTT, 200 mM sucrose, 0.5 mM PMSF, 10 µg ml −1 leupeptin and 10 mM Hepes-NaOH, pH 8.0) on the ice for 10 min. After centrifugation at 4000 rpm × 10 min, at 4 • C, the cell pellets were resuspended in the same volume of buffer A and centrifuged repeatedly. The clarified pellets retained were the nuclei which were resuspended in buffer B (20 mM Hepes-NaOH, 0.1 M KCl, 20% glycerol, 0.5 mM DTT, 0.5 mM PMSF, 1 nM EDTA and 10 µg ml −1 leupeptin) and were lysed by sonicating the debris on the ice for 2 min (high speed, 30 sec interval). The content of the nuclear protein was measured and rapidly frozen in liquid nitrogen and then stored at -80 circ C.
Western blotting analysis
20 micrograms of nuclear protein were fractionated by 10% SDS-polyacrymide gel electrophoresis and electrophoretically transferred to nitrocellulose membrane. The membrane was incubated in PBS-Tween (-), 0.5% Tween 20) containing 5% skim milk at 4 • C over night. The blots were then incubated in PBSTween containing 5% skim milk with primary antibody, polyclonal anti-PPAR γ antibody (1:500 dilution; Santa Cruz Biotechnology, Inc. Santa Cruz, CA, U.S.A.) for 2 hr. After being washed with PBS-Tween, the membrane was incubated with secondary antibody of horseradish peroxidase-conjugatd anti-rabbit IgG (1:200 dilution, Santa Cruz Biotechnology, Inc.) in a similar conditions to that of the primary antibody for 2 hr. After being washed the blots were developed and visualized by using ECL Western blotting detection reagent (Amersham Life Sciences) following the manufacturer's instruction.
Assay of α-glycerophosphate-3-dehydrogenase activity
Cells were seeded in a 6-wel-plate and the GPDH activity was determined on the base of the method of Kozak and Jensen (1974) . Results are expressed as units per milligram of protein. One unit of enzyme activity corresponds to the oxidation of 1 nmol of NADH/minute.
RT-PCR analysis
Total RNA was isolated from cell cultures using TRIzol reagent (Life Technologies, N.Y. U.S.). Singlestrand cDNA was reverse transcribed from 5 µg total RNA using the Ready · To · Go T M T-Primed First-Strand Kit (Amersham Pharmacia Biotech, Inc, Piscataway, U.S.) following the procedure provided by the manufacturer. 50 µg cDNA was amplified in 50 µl KOD-Plus-DNA Polymerase mixture (TOYOBO CO, LTD, Osaka, Japan) which contained 0.3 µM primer designed as follows: Mouse α-glycerol-3-dehydrogenase (GPDH) sense primer 5'-CCATCACCATCTTCC AGGAG-3' and antisense primer 5'-GCATGGACTGTGGTCATGAG-3' (expected size = 600 bp); Mouse tissue-non-specific alkaline phosphatase (TNSALP) sense primer 5'-CCCTGAAACTCC AAAAGCTC-3' and antisense primer 5'-TCTGGTGGCATCTCGTTATC-3' (expected size = 466 bp); House-keeping gene of mouse glyceraldehyde phosphate dehydrogenase (GAPDH) was adopted as an internal control with the correspondent sense primer 5'-CCATCACCATCTTCCAGGAG-3' and antisense primer 5'-GCATGGACTGTGGTCA-TGAG-3' (expected size = 322 bp). The total reaction cycles for ALP detection was 30 and each cycle consisted of 94 • , 60 sec; 57 • C, 60 sec and 72 • , 60 sec. The amplification of GPDH amounted to 35 reaction cycles of each including 94 • , 30 sec; 62 • C, 45 sec and 72 • C, 60 sec.
Assay of alkaline phosphatase activity
Cells were subcultured in 96-well-plate in the standard medium and then treated with the various combinations of the components of the induction medium in the absence or presence of 30 nM retinoic acid. The ALP activity was determined acording to Lowry et al. (1954) with some modifications. Briefly, the cell layers were washed with PBS twice and fixed with EtOH for one minute. Then the cells were incubated at 37 • C for 30 min with 2 mM p-nitrophenyl phosphate in 200 µl buffer (0.1 M glycine, 1 mM MgCl2 and 0.1 m MZnCl2, PH 10.5). The reaction was terminated by an addition of 100 µl 0.05N NaOH. Results are expressed as units per microgram of protein per minute. One unit equals to the amount of enzyme that will produce 1 nmol of p-nitrophenol min −1 . The protein content was determined with protein assay reagent (Bio-Rad Lab., Tokyo, Japan).
Statistics
Data are presented as mean values ± S.D. The statistical significance of differences among groups (control and treated) was tested by one-way ANOVA. Any difference was considered significant at p < 0.05. Student's t-test were used to analyse statistically significant differences at p < 0.05 for time course.
Results
The inhibitory effect of retinoic acid (RA) on the differentiation of ST2 cells into adipocytes
ST-2 cells grown in the standard medium displayed a typical elongated fibroblastic morphology of a preadipocyte ( Figure 1A) . However, when ST-2 cells were cultured in the 'induction medium' containing a combination of insulin, IBMX and Dex, namely 'cocktail', the cells acquired rounded appearance with a microscopic accumulation of oil droplets, indicating an adipocyte phenotype appeared in the cells ( Figure 1C ). When all-trans RA was simultaneously added with the induction medium at the concentration of 30 nM, the cultured cells maintained fibroblasticlike shapes and the accumulation of oil droplets was dramatically inhibited (Figure 1E and F) . The induction medium induced accumulation of triglyceride was inhibited by treatment with RA in a dose-dependent manner (0.03-30 nM). Its IC 50 was at about 1 nM and triglyceride accumulation was inhibited by about 70These results corresponded to the microscopic observation on the number of adipocytes developed and the density of the adipocyte clusters dispersed among the fibroblastic-like cells.
The effect of RA on the PPAR γ and GPDH expression in ST2 cells
The adipocyte differentiation program is a sequential event fulfilled with expression of stage-specific adipocyte markers. Among these markers we examined the effect of RA on the expression of PPAR γ , an early transcriptional factor and a terminal adipocyte specific marker GPDH. In Figure 3A , the results of western blotting showed that ST2 cells expressed PPAR γ in those of control cells which was activated in the presence of induction. After the co-treatment with RA, the up-regulated expression of PPAR γ was attenuated from the 2nd day throughout the induction period. As shown in Figure 3B , Treatment of ST2 cells with the induction medium stimulated the GDPH enzyme activity which was inhibited by co-treatment with RA. The inhibitory effect of RA exhibited in a dose-dependent manner with the RA concentrations ranging from 30 nM to 0.03 nM. The activity was inhibited by 90% on the 6th day after the treatment with RA at 30nM. RT-PCR analysis also indicated that the induction medium stimulated mRNA expression of GPDH was inhibited by RA. Such an inhibitory effect corresponded to the alteration of enzyme activities from the 4th to 6th day after addition of RA ( Figure  3C and D). These results suggested that the inhibitory effect exerted by RA on the ST2 cell differentiation at the early stage through antagonizing the induction medium induced up-regulation of transcriptional factor PPAR γ , which would take turns to direct and trigger the expression of other adipocyte associated markers including GPDH.
The synergistic stimulation effect of RA and the induction medium on ALPase activity in ST2 cells
Although ST2 cells are known to be preadipocytes, they have recently been reported to be differentiated into osteoblasts. To investigate the possible potentiality of RA in inducing ALP, which is one of the osteoblastic differentiation markers, we analysed ALP enzyme activity in ST2 cells which were treated with the induction medium and 30 nM RA alone or both respectively throughout the induction interval. The treatment of ST2 cells with RA alone induced ALP activity whereas the induction medium failed ( Figure Figure 1 . Effects of retinoic acid (RA) on adipocyte differentiation of ST2 cells induced by the induction medium. ST2 cells were cultured in the standard medium for 1 day to approach confluence. Then the cells were switched to the induction medium in the absence or presence of 30 nMRA. For control cells, the vehicle of methanol (1%) was added to the culture of cells which was maintained in the standard medium. After 3 days' exposure to inducers, all the cultures were replaced with the standard medium. Before inoculation and 6 days after induction, cells were stained with Oil Red O and photographed as described in Materials and Methods. 4A). The inducible effect of RA reached the maximal level on the 3rd day after treatment and sustained even after the RA was washed out ( Figure 4A ). However, when the cells were simultaneously treated with the induction medium in the presence of RA, ALP activity was synergistically induced by a 3 fold greater amount than those of RA alone ( Figure 4A and 5B). Continuous treatment with RA in the induction medium sustained such synergistic inducible effect for at least 6 days comparing with those continuously treated with RA alone, which also maintained the induction effect on ALP acitivty ( Figure 5B ). The results of RT-PCR showed that mRNA level of ALP in ST2 cells was induced after 12 hr exposure to RA alone and reached the maximum within the 24 hr while no bands were detected in the following five days. In the cells of the control and those exclusively treated with the cocktail, the amount of mRNA could not be detected either. When the cells were treated with both 30 nM RA and the induction medium, the correspondent mRNA level was first detected 6 hr earlier than those treated with RA alone and reached the maximum after the 24 hr post-exposure, there were still certain, albeit weaker, amounts of mRNA steadily detectable in the following 3 days ( Figure 4B ). Although there was a time lag (about 2 days), the inducible effect of RA on ALP activity corresponded to the transcriptional upregulation of mRNA level in ST2 cells. These results suggested that the characteristic inhibitory effect of RA on the adipocyte differentiation of ST2 cells coincided with a promotion of osteoblastic tendency rather than just a simple block of adipogenesis.
Further response of ST2 cells to the treatments with RA and the induction medium
To better understand the simultaneous functions of the RA and the induction medium in adipogenesis and osteogenensis, we measured the ALP activity paralleling the triglyceride level in ST2 cells under different conditions varying in the time of treatment with RA or the induction medium. When the induction medium was added following the pre-incubation of ST2 cells with 30 nM RA for 1-3 days, the inducible effects of RA on the ALP activity was proportional to the days of pre-incubation with RA (data not shown) and the maximal effect was revealed in the cells pre- Figure 2 . Effect of retinoic acid (RA) on the triglyceride level and the formation of adipocyte in ST2 cells induced by the induction medium. ST2 cells were cultured in the standard medium for 1 day and then the confluent cells were switched to the induction medium in the presence of graded concentrations of RA (0.03, 0.1, 0.3, 1, 3, 10 and 30 nM) or as control, still maintained in the standard medium with treatment of vehicle (methanol 1replaced with the standard medium for additional 3 days period. (A) The triglyceride content was estimated and (B&C) the number of both total cells and adipocytes was counted on the 6th day after the exposure of the cells to the induction medium and 30 nMRA as described in Materials and Methods. The results represent the means ± SD of triplicate determinations of two independent experiments. P < 0.001 vs. control. incubated with RA for 3 days ( Figure 5A and B). Vice versa, when RA was treated following the preincubation of ST2 cells with the induction medium for 3 days there was no inducible effect on ALP ( Figure  5A and B) observed. The longer the length (within 3 days) of pre-incubation with the induction medium was, the weaker the correspondent inducible effects were observed (data not shown). On the other hand, the paralleling TG accumulation was inhibited when ST2 cells were pre-incubated with RA for 1-3 days following a replacement with the induction medium, which the extent of inhibition was approximated to the days of pre-incubation with the RA (data not shown). Pre-incubation with RA alone or both RA and the induction medium for 3 days showed no significant inducible effect on TG production was explored (Figure 5C and D) . Such inhibitory effect of RA on TG production was exerted at the early stage of the first 3 days, whereas the RA treatment following the cells pre-incubated with the induction medium for 3 days did not inhibit the triglyceride accumulation ( Figure  5C and D) . These results suggested that in ST2 cells, similar to the effects which the induction medium exerted in inducing adipocyte differentiation, the effects exerted by RA was at the early stage (at least 1-3 days), which inhibited the induction medium stimulated triglyceride accumulation and also paralleled a synergistic induction in ALP expression. This possibly resulted from the fact that the induction medium rendered ST2 cells more susceptible to the effects of RA which was initiated from the early stages.
The role of IBMX in the exertion of synergistic stimulation effect of RA and the induction medium on ALPase in ST2 cells
To investigate detailed mechanism of the synergistic stimulation effect of RA and the induction medium on the expression of ALP in ST2 cells, we measured the ALP activity in ST2 cells which the three components of the induction medium: IBMX, insulin and Dex were supplemented in an assorted way with or without 30 nM RA for 3 days, the period that such synergistic stimulation effects could be apparently observed. In Figure 6 , upon treating ST2 cells with various combinations of components of the induction medium in Figure 3 . Effect of retinoic acid (RA) on the expression of PPAR γ protein and GPDH in ST2 cells induced by the induction medium. ST2 cells were cultured in the standard medium for 1 day to approach confluence. The cells were switched to induction medium in the absence (Cocktail) or presence of 30 nM RA (RA + Cocktail). The vehicle of methanol (1%) was added to the culture of cells which were still maintained in the standard medium (Control). After incubation for 3 days, all cultures were replaced with the standard medium. (A) The nuclear protein extracts prepared from each culture at different days of differentiation process were analysed by western blotting revealed by ECL technique as described in Materials and Methods. (B) GPDH activity was analysed at the indicated days and the (C) dose effects of RA (0.03 nM, 0.3 nM, 3 nM, and 30 nM) on the GPDH activity was also investigated on the 6th day after inoculation. Results represent the Mean ± SD of two separate experiments performed in triplicate. P < 0.05 vs. control. * P < 0.001 vs. control. (D) Paralleling the activity assay, total RNA was isolated and mRNA levels of GPDH and GAPDH were detected by reverse transcription-PCR as described in Materials and Methods. the absence of RA, the ALP activity observed was at a considerably lower level with the exception that a minor stimulation generated after IBMX paired up with insulin as a supplement. However, noticeably, when in the presence of RA, dramatic simulations on ALP activity were observed among those combinations in which IBMX was involved as a component. In regards to the dexamethasone and insulin, the treatment with either one or the combination of both in the presence of RA antagonized the minor stimulation on the ALP activities arisen by treating the cells with RA alone. Therefore, the stimulation effect of RA on the ALP activity in ST2 cells which was amplified by co-treating the cells with the induction medium, was possibly an absolute result due to the combination of RA with the respective three components of the induction medium esp. IBMX.
Discussion
ST2 cell is a preadipocyte line, which was derived from mouse bone marrow stromal cells, having potential to differentiate into osteoblasts (Ostuka et al., Figure 4 . The amplified stimulation effect of Retinoic acid (RA) on gene expression of ALPase and the correspondent activity in ST2 cells induced by the induction medium. Cells were cultured in the standard medium for 1 day to approach confluence. Then the confluent cells shifted into the standard medium treated with 30 nM RA (30 nM RA) alone or the induction medium containing 30 nM RA (30 nM RA + Induction medium). For the control cells, vehicle of methanol (1%) was added to the standard medium. After 3 days' incubation, all cultures were replaced with the standard medium and (A) the ALP activity was assayed at the indicated time after inoculation as described in Materials and Methods. Results are expressed as Mean ± SD of two independent experiments performed in triplicate. P < 0.05 vs. control. (B) Total RNA was extracted and the mRNA level of ALP was detected by reverse transcription-PCR as described in Materials and Methods. Mouse glyceraldehydes phosphate dehydrogenase (GAPDH) primers were used for the correction of equal loading of the DNAs. 1999). In the present study, we found that co-treatment with RA and the induction medium not only inhibited the adipogenesis in ST2 cells which was achieved by the induction medium (Figure 1 ), but also synergistically induced an osteoblastic tendency reflected on the stimulation of ALP activity (Figure 4) . Our observations provided further evidence that the relationship between adipogenesis and osteogenesis in ST2 cells is reciprocally linked and the process of adipogenesis could be potentially reversed into an osteoblastic tendency. Bone marrow stromal cells include fibroblasts, osteogenic cells, and adipocytes. These cells are known to be derived from multipotential stem cells in the bone marrow (Oween, 1988) . Several studies have been conducted to investigate the reciprocal relationship of osteogenic and adipogenic differentiation by using multipotential cell types of bone marrowderived stromal cells (Beresford et al., 1992; Park et al., 1999; Nuttallet et al., 1998) . In our studies, treatment with the induction medium at an early stage (the first 3 days of the total 6days interval) was essential for the commitment of ST2 cells into adipogenic differentiation. The TG accumulation was inhibited by RA addition which synchronized or preceded the Figure 5 . The parallel comparisons between the ALP activity and triglyceride level which reflect the response of ST2 cells to the treatments with RA and the induction medium under different incubation conditions Cells were cultured in the standard medium for 1 day to approach confluence. Then the cells were treated with RA and cocktail in various ways. The left side Table E listed the culture conditions representing in the upper graph A and C. The period of pre-incubation was 3 days (3d) and the followed replacement incubation also lasted 3 days (3). The right side Table F listed the culture conditions of continuous treatment with RA or the induction medium or both, which represented in the upper graph B and D. The ALP activity and the correspondent triglyceride level were assayed as described in Materials and Methods on the indicated days. Results are expressed as Mean ± SD of two independent experiments performed in triplicate. P < 0.05 vs. control. treatment with induction medium ( Figure 5 C and D) . Such inhibitory effects were not observed when RA was added following the 3 days' pre-treatment with the induction medium (Figur 5C). On the other hand, paralleling the effects of RA on TG production, RA induced ALP activity in ST2 cells especially with the induction medium when both were treated at the early stage (the first 3 days) simultaneously ( Figure 4A ) or the replacement of the induction medium followed the RA pre-treatment for 3 days ( Figure 5A ). Although continuous treatment (the thorough interval of 6 days) of the cells with both RA and the induction medium could produce a maintained stimulation on ALP activity ( Figure 5B ) comparing with those correspondent treatment only at the early stage (the first 3 days) (Figure 4A) , treatment of ST2 cells with RA following the 3 days' pre-incubation with the induction medium failed to induce ALP activity ( Figure 5A ). These res- Figure 6 . The amplified stimulation effect of Retinoic acid (RA) on ALP activity in ST2 cells induced by various re-sorted components of the induction medium. Cells were cultured in the standard medium for 1 day to approach confluence. Then the cells were shifted into the RPMI + 10% FBS medium containing the indicated combinations of the components of the induction medium respectively. Meanwhile RA (30 nM) was added into the corresponding indicated culture. For the control cells, vehicle of methanol (1% v/v) was supplemented with the standard medium. On the 3rd day after inoculation, ALP activity in different treatments was determined as described in Materials and Methods. Results are expressed as Mean ± SD of two independent experiments performed in triplicate. P < 0.05 vs. control. ults suggested that the length of first 3 days ought to be considered as a turning point for both adipogenic differentiation induced by cocktail and ALP expression in ST2 cells which was induced by RA and heightened by simultaneous treatment with cocktail. In addition, it also seemed that if ST2 cells reached the commitment of differentiation into one direction (either osteogenic or adipogenic tendency), the cells were unable to differentiate into any directions other than the determined one.
Peroxisome proliferator activated receptor γ (PPAR γ ), which acts sequentially and cooperatively to trigger adipocyte-specific gene expression such as LPL, aP2, adipsin, is an essential transcriptional factor for the differentiation of adipocyte progenitors into adipocytes. This transcriptional factor could only be modulated by heterodimerizing with retinoid-X receptor (RXR). RXR acts a permissive partner in the PPARr-RXR heterodimer, however a nonpermissive inactive partner in heterodimers with retinoic acid receptor (RAR) (Fajas et al., 1998) . RA is known to block the expression of PPAR γ stimulated by transcriptional factor such as CEBP/γ (Schwarz et al., 1997) and thus inhibit adipogenic differentiation. In our studies the treatment of ST2 cells with RA inhibited adipogenic differentiation stimulated by the induction medium through blocking the expression of PPAR γ . This is supported by the fact that RA is unable to inhibit the adipogenic differentiation at the later stage when the cells have already been committed due to the induction medium treatment. Moreover the effect of RA was also influenced by relative availability of RAR and RXR receptor in the cell. The up-regulation of RAR expression by RA treatment may permit RXR to form inactive heterodimers with RAR rather than with PPAR γ hence, weaken the adipocyte induction.
Retinoic acid is able to induce the increase of ALP activity in a variety of cells (Gianni et al., 1991 (Gianni et al., , 1993a (Gianni et al., , 1993b Scheibe et al., 1991; Keidel et al., 1993; San Miguel et al., 1998 . Among all these cells studied, the induction of ALP was observed at least 48 hr after the treatment with retinoic acid, identical with present results with ST2 cells ( Figure 5B ). In our experiments, treatment of ST2 cells with RA alone at concentration of 30 nM slightly elevated the ALP activity. However, simultaneous treatment with RA and the induction medium synergistically increased the activity of ALP in ST2 cells. Several combination experiments of each component of the induction medium showed that the three components of the induction medium exerted different effects on the ALP activity. Among these components, IBMX was necessary to produce this synergistic ALP induction. IBMX is a cAMP phosphodiesterase inhibitor that increases the intracellular cAMP level by inhibiting the degradation of the cAMP produced within the cell. Several studies undertaken ensured that ALP activity could be up-regulated by treatment with cAMP phosphodiesterase inhibitor including IBMX in mouse L cells and neonatal mouse calvarial bone cells (Firestone et al., 1981 , YEE et al. 1986 , Brown et al., 1990 . In L929 mouse fibroblasts, RA is incapable of inducing ALP activity at lower concentrations (less than 1 mM), but co-treatment of the cells with cAMP synergistically increased the activity of ALP. This synergistic effect in the induction of ALP may result from that cAMP sensitised the cells to the action of RA. In ST2 cells, at the concentration of 0.5 mM, IBMX alone exerted no effects on the ALP activity and the synergistic effect of RA and IBMX on ALP expression was observed when the cells were co-treated with both agents, thus the synergistic effects of RA and IBMX may result from which IBMX sensitise the ST2 cells to the action of RA. Though the level of ALP mRNA was not accurately quantified or qualified, co-treatment with the induction medium and RA generated the appearance of detectable mRNA 6 hr earlier and 3 days longer than those treated with RA alone. Such modulation of ALP gene expression implied the possibility that the transcriptional rate was elevated so that more nascent ALP mRNA was produced. Because the combination effects of two agents prolonged steady level of ALP mRNA was detected, we could not rule out a possibility in increasing the stability of the mature mRNA, which perhaps was mediated by the de novo expression of a mRNA stabilizing factor (Kyeyune-Nyombi et al., 1991) . Taken together, the synergistic effects of RA and IBMX on the expression of ALP in ST2 cells might be in part regulated at the transcriptional or post transcriptional level.
